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NANOGENERATOR AND METHOD OF
MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of International
Application No. PCT/KR2012/000748 filed on Jan. 31, 2012,
which claims priority to and the benefit of Korean Patent
Application No. 10-2012-0009576, filed on Jan. 31, 2012,
and Korean Patent Application No. 10-2011-0009837, filed
on Jan. 31, 2011, in the Korean Intellectual Property Office,
the entire disclosure of all of which are incorporated herein by
reference for all purposes.

BACKGROUND

[0002] 1. Field

[0003] Thefollowing description relates to ananogenerator
and a method of manufacturing the same, and to, for example,
a nanogenerator using a hexagonal boron nitride (BN) atomic

layer and a method of manufacturing the same.
[0004] 2. Description of Related Art

[0005] With the recent advancement of nanotechnology,
devices can be manufactured at a nanoscale. However, a large
portion of batteries that 1s currently used occupy a large area,
and thus limits the performance of and the ability to indepen-
dently drive nanoscale devices. To drive the nanoscale
devices without connecting the devices to large batteries, a
technology for generating power 1n a nanoscale apparatus 1s
desirable. Two literatures relating to nanoscale devices for

generating power are described hereatter.
[0006] Non-patent Literature 1: Piezoelectric Nanogenera-

tors based on Zinc Oxide Nanowire Arrays, by Zhong Lin
Wang and Jinhui Song (Science 14 Apr. 2006: Vol. 312 no.

ST771 pp. 242-246).

[0007] Non-patent Literature 2: Atomic Layers of Hybrid-
1zed Boron Nitride and Graphene Domains, by Lijie Cil et al
(Nature Matenals 9, 430-435: 2010).

[0008] Non-patent Literature 1 examines a piezoelectric
mechanism using a 1-dimensional zinc oxide (ZnQO) nano-
structure and describes the formation of a device using the
piezoelectric mechanism.

[0009] In addition, Non-patent Literature 2 describes a
technique of forming a hexagonal born nitride (BN) atomic
layer using a chemical deposition process.

SUMMARY

[0010] In one general aspect, there 1s provided a nanogen-
erator including: a boron nitride atomaic layer, a first electrode
disposed on the boron nitride atomic layer, and a second
clectrode disposed on the boron nitride atomic layer, the
second electrode spaced apart from the first electrode.
[0011] The boron nitride atomic layer may be a hexagonal
boron nitride atomic layer.

[0012] The general aspect of the nanogenerator may further
include a flexible substrate, the boron nitride atomic layer
disposed on the tlexible substrate.

[0013] In another general aspect, there 1s provided a
method of manufacturing a nanogenerator, including: form-
ing a boron mitride atomic layer on a substrate; and forming a
first electrode and a second electrode on the boron nitride
atomic layer to be spaced apart from each other.

[0014] The boron nitride atomic layer may be a hexagonal
boron nitride atomic layer.
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[0015] The forming of the boron nitride atomic layer on the
substrate may 1volve:

[0016] {forming a boron nitride atomic layer on a copper
fo1l; forming a polymethyl methacrylate (PMMA) layer on
the copper foil on which the boron nitride atomic layer 1s
formed; removing the copper foil; transferring the boron
nitride atomic layer and the PMMA layer to the substrate; and
removing the PMMA layer.

[0017] The forming of the boron nitride atomic layer on the
copper fo1l may be performed by a chemical vapor deposition
(CVD) process using the copper 1o1l as a metal catalyst and
ammonia-borane (NH,—BH,) as a source.

[0018] The forming of the boron nitride atomic layer on the
copper 1o1l may be performed 1n an atmosphere containing an
argon-hydrogen (Ar—H,) gas mixture and performed using
nitrogen gas as a carrier gas for transferring vaporized ammo-
nia-borane.

[0019] In another general aspect, there 1s provided a nano-
generator that includes: a first electrode; a boron nitride
atomic layer disposed on the first electrode; and a second
clectrode disposed on the boron nitride atomic layer.

[0020] The boron nitride atomic layer may be a hexagonal
boron mitride atomic layer.

[0021] The general aspect of the nanogenerator may further
include a substrate, the substrate being disposed on one side
of the first electrode and the boron nitride atomic layer being
disposed on another side of the first electrode.

[0022] In another general aspect, there 1s provided a
method of manufacturing a nanogenerator, including: form-
ing a boron nitride atomic layer on a first electrode; and
forming a second electrode on the boron nitride atomic layer.
[0023] The boron nitride atomic layer may be a hexagonal
boron nitride atomic layer.

[0024] The general aspect of the method may further
involve forming the first electrode on a substrate before form-
ing the boron nitride atomic layer on the first electrode.
[0025] The forming of the boron nitride atomic layer on the
first electrode may 1nvolve: forming a hexagonal boron
nitride atomic layer on a copper foil; forming a PMMA layer
on the copper foil on which the boron mitride atomic layer 1s
formed; removing the copper foil; transferring the boron
nitride atomic layer and the PMMA layer to the first elec-
trode; and removing the PMMA layer.

[0026] Otherfeatures and aspects may be apparent from the
tollowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 1s a perspective view of an example of a
nanogenerator.
[0028] FIG. 2 15 a perspective view of the nanogenerator of

FIG. 1 that 1llustrates piezoelectric characteristics generated

due to a variation in the atomic arrangement of the hexagonal
boron nitride (BN) structure.

[0029] FIG. 3 1s amolecular diagram illustrating piezoelec-
tric characteristics generated due to a variation in the atomic
arrangement of the hexagonal boron nitride (BN) caused by
various physical forces.

[0030] FIG. 4 1s a flowchart illustrating a method of manu-
facturing the nanogenerator shown 1n FIG. 1.

[0031] FIG. 5 15 a flowchart illustrating a process of form-
ing the hexagonal boron nitride atomic layer shown in FI1G. 4.

[0032] FIG. 61s a perspective view of another example of a
nanogenerator.
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[0033] FIG. 7 1s a perspective view of the nanogenerator of
FIG. 6 1n a driving state under various physical forces.

[0034] FIG. 8 1s a flowchart illustrating a method of manu-
facturing the nanogenerator shown 1n FIG. 6.

[0035] Throughout the drawings and the detailed descrip-

tion, unless otherwise described, the same drawing reference
numerals will be understood to refer to the same elements,
features, and structures. The relative size and depiction of
these elements may be exaggerated for clarnty, illustration,
and convenience.

DETAILED DESCRIPTION

[0036] The following detailed description 1s provided to
assist the reader 1n gaining a comprehensive understanding of
the methods, apparatuses, and/or systems described herein.
Accordingly, various changes, modifications, and equivalents
of the systems, apparatuses and/or methods described herein
will be suggested to those of ordinary skill in the art. Also,
descriptions of well-known functions and constructions may
be omitted for increased clarity and conciseness.

[0037] A nanogenerator and a method of manufacturing the
same according to various examples will be described 1n
detail below with reference to the accompanying drawings.
While the mventive concept 1s shown and described in con-
nection with examples thereof, 1t will be apparent to those
skilled in the art that various modifications can be made
without departing from the spirit and scope of the disclosure.
There 1s no mtent to limit the disclosure to the particular
torms i1llustrated. On the contrary, the disclosure 1s to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the appended claims. In the drawings, the
thicknesses of layers and regions may be exaggerated for

clarity. Like reference numerals refer to like elements
throughout.

[0038] It will be understood that, although the terms first,
second, etc. may be used herein to describe various elements,
these elements should not be limited by these terms. These
terms are only used to distinguish one element from another.
For example, a first element could be termed a second ele-
ment, and, similarly, a second element could be termed a first
clement, without departing from the scope of the mventive
concept.

[0039] The terminology used herein to describe various
examples 1s not intended to limit the scope of the disclosure.
The articles “a,” “an,” and “the” are singular in that they have
a single referent; however, the use of the singular form 1n the
present document should not preclude the presence of more
than one referent. In other words, elements referred to in the
singular may number one or more, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises,’ “comprising,”’ “includes,” and/or “includ-
ing,” when used herein, specily the presence of stated fea-
tures, integers, steps, operations, elements, components, and/
or groups thereof, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
clements, components, and/or groups thereof.

[0040] Described below are various examples of nanogen-
erators and methods of manufacturing the same.

[0041] As described above, Non-patent Literature 1
describes a nanogenerator that uses a 1-dimensional zinc
oxide (ZnO) nanostructure. However, a nanogenerator that
uses a 1-dimensional ZnO nanostructure 1s physically
unstable 1n comparison to a nanogenerator that uses a 2-di-
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mensional hexagonal boron nitride (BN) structure, and exhib-
its piezoelectric characteristics only due to compressive and
tensile stresses.

[0042] In addition, Non-patent Literature 2 describes a
technique of forming a hexagonal boron nitride (BN) atomic
layer using a chemical deposition process. Non-patent Litera-
ture 2 1s incorporated herein by reference. However, the
piezoelectric characteristics caused by stretching and twist-
ing the hexagonal boron nitride layer or a nano-device utiliz-
ing the piezoelectric characteristics are not mentioned
therein.

[0043] Herein, examples of nanogenerators that include a
boron nitride (BN) layer will be described with reference to
FIGS. 1 through 3. FIG. 1 1s a perspective view of an example
ol a nanogenerator 100 according to the present disclosure.
FIG. 2 1s a perspective view ol the nanogenerator 100 of FIG.
1 that illustrates variations caused 1n piezoelectric character-
istics due to the atomic arrangement of hexagonal boron
nitride (BN). FIG. 3 illustrates a molecular structure of the
hexagonal boron nitride (BN) under various physical forces
to 1llustrate piezoelectric characteristics resulting from the
atomic arrangement of hexagonal boron nitride (BN).

[0044] Referring to FIGS. 1 through 3, the nanogenerator
100 may include a substrate 110, a boron nitride layer 120, a
first electrode 130, and a second electrode 140. The boron
nitride layer 120 may be a hexagonal boron nitride layer, or a
boron mitride atomic layer.

[0045] The substrate 110 may be a flexible substrate. In an
example, the substrate 110 may be formed of a polymer
capable of stretching, contracting, or bending. Examples of
the polymer material that may be used to form the substrate
110 may be polyethylene naphthalate (PEN), polyethylene
sulfonate (PES), and polyethylene terephthalate (PET).

[0046] The boronnitride atomic layer 120 may be disposed
on a substrate 110. The boron nitride atomic layer 120 may
have a single layer structure in which nitrogen (N) atoms and
boron (B) atoms are combined in a hexagonal shape. The
hexagonal boron nitride atomic layer 120 may exhibit stable
chemical characteristics due to sp2 bonding. As shown 1n
FIG. 2, when a physical force 1s applied to a hexagonal boron
nitride atomic layer 120 and the hexagonal boron nitride
atomic layer 120 1s deformed, polarization of electric charges
may occur due to the positional changes 1n nitrogen atoms and
boron atoms 1n the chemical structure, and energy 1n the form
of electricity may be generated due to the polarization. That
1s, the hexagonal boron mitride atomic layer 120 may exhibit
piezoelectric characteristics so that the hexagonal boron
nitride atomic layer 120 can be used to convert physical
energy 1nto electrical energy.

[0047] The first electrode 130 and the second electrode 140
may be disposed apart from each other on the hexagonal
boron nitride atomic layer 120. The first and second elec-
trodes 130 and 140 may have various shapes, such as a planar
polygonal shape, a planar circular shape, and the like. In an
example, when the hexagonal boron nitride atomic layer 120
has a rectangular planar shape, the first and second electrodes
130 and 140 may be respectively disposed at both ends of the
substrate 110 according to a lengthwise direction or a width-
wise direction of the substrate 110. As long as the first and
second electrodes 130 and 140 are spaced apart from each
other, the first and second electrodes 130 and 140 may be
disposed 1n any positions on the hexagonal boron nitride
atomic layer 120. In an example, the hexagonal boron nitride
atomic layer 120 may be fixed to the substrate 110 by the first
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and second electrodes 130 and 140. In another example, the
hexagonal boron nitride atomic layer 120 may be fixed to the
substrate 110 by an adhesive member (not shown).

[0048] When a physical force 1s applied to the hexagonal
boron mitride atomic layer 120, the first electrode 130 may
transmit electrical energy, such as current or voltage, gener-
ated by the hexagonal boron nitride atomic layer 120. The first
clectrode 130 may be formed of a thin conductive material.
The conductive material may include a transparent conduc-
tive material and/or an opaque conductive material. Examples
of transparent conductive materials are graphene, indium tin
oxide (ITO), indium zinc oxide (IZ0), zinc oxide (ZnO),
fluorine-doped tin oxide (FTO) and the like. Examples of
opaque conductive materials include a metal, such as gold
(Au), silver (Ag), or platinum (Pt).

[0049] When a physical force 1s applied to the hexagonal
boron nitride atomic layer 120, the second electrode 140 may
transmit the electrical energy 1n the form of current or voltage
that 1s generated 1n the hexagonal boron nitride atomic layer
120. The second electrode 140 may be formed of a thin
conductive material. A detailed description of the conductive
material forming the second electrode 140 1s substantially the
same as that of the conductive material forming the first
electrode 130. In addition, the first and second electrodes 130
and 140 may be formed of a flexible conductive material so
that the hexagonal boron nitride atomic layer 120 can be
casily bent or deformed. For instance, the first and second
clectrodes 130 and 140 may be formed of a conductive poly-
mer.

[0050] Meanwhile, although not shown, an insulating layer
may be provided on an exposed part of the hexagonal boron
nitride atomic layer 120 on which the first and second elec-
trodes 130 and 140 are not provided. The insulating layer may
be mterposed between the first and second electrodes 130 and
140 and may protect the exposed part of the hexagonal boron
nitride atomic layer 120. Various insulating materials may be
used to form the imnsulating layer. In this case, the insulating,
layer may have a height substantially lower than or equal to

the height of the first and second electrodes 130 and 140.

[0051] As shown in FIG. 3, when an external physical
force, such as stretching or twisting, 1s applied to the nano-
generator 100, the physical force may be also applied to the
hexagonal boron nitride atomic layer 120 1n the nanogenera-
tor 100. Electrical energy may be generated 1n the hexagonal
boron nitride atomic layer 120 due to the piezoelectric char-
acteristics of the hexagonal boron nitride atomic layer 120.
The electrical energy may be transmitted through the first and
second electrodes 130 and 140 to the outside of the nanogen-
erator 100.

[0052] Thenanogenerator 100 illustrated in FI1G. 3 exhibaits
good mechanical stability. Thus, the nanogenerator 100 1s not
casily damaged due to an external force, by being bent,
twisted, or rolled. Further, since the nanogenerator 100 uses
the piezoelectric characteristics of the hexagonal boron
nitride atomic layer 120 to generate electricity, the nanogen-
crator 100 may be driven continuously and independently,
without a bulky external device. Also, since the nanogenera-
tor 100 may be subminiature and ultrathin, the nano generator
100 may efficiently generate electrical energy using small
physical energy, such as the wind, blood flow, or heartbeats.
Furthermore, since the hexagonal boron nitride atomic layer
120 1s chemically stable, the nanogenerator 100 may operate
in the human body.
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[0053] FIG. 4 1s a flowchart illustrating an example of a
method of manufacturing the nanogenerator 100 shown in
FIG. 1.

[0054] Referring to FIG. 4, in order to manufacture the
nanogenerator 100, a hexagonal boron nitride atomic layer
120 may be formed on a substrate 110, as 1n S110.

[0055] The substrate 110 may be a tlexible substrate. In an
example, the substrate 110 may be formed of a polymer
capable of stretching, contracting, or bending. Examples of
the polyvmers that may be used to form the substrate 110
include PEN, PES, or PET.

[0056] The formation of the hexagonal boron nitride
atomic layer 120 on the substrate 110 may include forming
the hexagonal boron nitride atomic layer 120 on a copper (Cu)
fo1l using a chemical deposition process and then forming the
hexagonal boron mitride atomic layer 120 on the substrate 110
using a wet transfer process.

[0057] FIG. 5 1s a flowchart illustrating an example of a
process of forming the hexagonal boron nitride atomic layer
120 shown 1n FIG. 4.

[0058] Referring to FIG. 5, to form a hexagonal boron
nitride atomic layer 120 on a substrate 110, mitially, the
hexagonal boron mitride atomic layer 120 may be formed on
a copper foil, as in S111.

[0059] The hexagonal boron nitride atomic layer 120 may
be formed via a chemical vapor deposition (CVD) process
using the copper fo1l as a metal catalyst and using ammeonia-
borane (NH,—BH,) as a source. For example, vaporized
ammonia-borane and nitrogen gas may be supplied 1n the
atmosphere containing an argon-hydrogen (Ar—H,) gas
mixture to form the hexagonal boron mitride atomic layer 120
on the copper foil. The hexagonal boron nitride atomic layer
120 may have a single layer structure in which nitrogen atoms
and boron atoms are combined 1n a hexagonal shape.

[0060] When the hexagonal boron nitride atomic layer 120
1s formed on the copper foil, polymethyl methacrylate
(PMMA) may be coated on the copper foil having the hex-
agonal boron nitride atomic layer 120 to form a PMMA layer,
as 1n S112.

[0061] The PMMA layer may be coated on the copper foil

using a spin coating process. The PMMA layer may surround
the hexagonal boron nitride atomic layer 120. Accordingly,
the PMMA layer may function as a support layer configured
to support the hexagonal boron nitride atomic layer 120.

[0062] Subsequently, the copper fo1l may be removed, as 1n
S113.
[0063] For example, the copper foil may be selectively

removed using a copper etchant. Thereafter, the copper
ctchant remaining on surfaces of the hexagonal boron nitride
atomic layer 120 and the PMMA layer may be cleaned using
deionized water (DIW).

[0064] Next, the hexagonal boron nitride atomic layer 120
and the PMMA layer may be transierred to the substrate 110,
as in S114.

[0065] The DIW remaining on the hexagonal boron nitride
atomic layer 120 and the PMMA layer transferred to the
substrate 110 may be completely dried.

[0066] Next, the PMMA layer may be removed, as 1n S115.

[0067] The PMMA layer may be selectively removed using
an organic solvent, such as acetone or chloroform. When the
PMMA layer 1s removed, the hexagonal boron nitride atomic
layer 120 may be formed on the substrate 110.

[0068] The hexagonal boron nitride atomic layer 120 may
be chemically stable due to sp” bonding in a 2-dimensional
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structure. When a physical force 1s applied to the hexagonal
boron nitride atomic layer 120 and deforms the layer, polar-
1zation may occur due to the positional changes 1n the nitro-
gen atoms and boron atoms. Electrical energy may be gener-
ated due to the polarization. That 1s, the hexagonal boron
nitride atomic layer 120 may exhibit piezoelectric character-
1stics, so that the hexagonal boron mitride atomic layer 120
can be used to convert physical energy 1nto electrical energy.
[0069] Referring back to FIG. 4, a first electrode 130 and a
second electrode 140 may be formed on the hexagonal boron
nitride atomic layer 120, and the first electrode 130 and the
second electrode 140 may be spaced apart from each other 1n
a plane parallel to the hexagonal boron nitride atomic layer
120, during S120.

[0070] The first and second electrodes 130 and 140 may be
formed using a thin layer forming process. Examples of thin
layer forming processes that may be used include a sputtering
process, a CVD process, or an inkjet printing process. The
first and second electrodes 130 and 140 may be formed of a
thin conductive material. The conductive maternial may
include a transparent conductive material and/or an opaque
conductive material. Examples of the transparent conductive
materials include graphene, ITO, 120, ZnO, FTO and the
like. Examples of the opaque conductive matenals include a
metal, such as gold, silver, or platinum.

[0071] Inanexample, the first electrode 130 and the second
clectrode 140 may be formed simultaneously. For example,
conductive layers may be formed apart {from one another on
the hexagonal boron nitride atomic layer 120 using a thin
layer forming process without an additional mask so that the
first and second electrodes 130 and 140 can be formed simul-
taneously. Also, a mask pattern configured to divide the hex-
agonal boron nitride atomic layer 120 into two portions may
be formed, a thin conductive layer may be formed using a thin
layer forming process on the hexagonal boron nitride atomic
layer 120 having the mask pattern, and the mask pattern may
be removed to form the first electrode 130 and the second
clectrode 140. Furthermore, after forming a thin conductive
layer on the hexagonal boron nitride atomic layer 120 using a
thin layer forming process, a central portion of the conductive
layer may be etched to divide the conductive layer into two
portions so that the first and second electrodes 130 and 140
can be formed.

[0072] In another example, the first and second electrodes
130 and 140 may be sequentially formed. For example, after
the first electrode 130 1s 1imitially formed on the hexagonal
boron nitride atomic layer 120 using a thin layer forming
process, the second electrode 140 may be formed on the

hexagonal boron nitride atomic layer 120 to be spaced apart
from the first electrode 130.

[0073] Meanwhile, although not shown, an insulating layer
may be provided on the hexagonal boron nitride atomic layer
120 exposed between the first and second electrodes 130 and
140. In this case, the nsulating layer may have a height
substantially lower than or equal to the height of the first and

second electrodes 130 and 140.

[0074] Accordingly, the nanogenerator 100 including the
substrate 110, the hexagonal boron nitride atomic layer 120,
the first electrode 130, and the second electrode 140 may be
completed.

[0075] Sincethe nanogenerator 100 that 1s formed using the
above-described method has good mechanical stability, the
nanogenerator 100 may 1s prevented from being damaged by,
for example, being bent, twisted, or rolled, when an external
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force 1s applied thereto. Further, because the nanogenerator
100 uses the piezoelectric characteristics of the hexagonal
boron nitride atomic layer 120, the nanogenerator 100 may be
driven continuously and independently of other devices.
Also, since the nanogenerator 100 may be made subminiature
and ultrathin, the nanogenerator 100 may efficiently generate
clectrical energy using small physical energy, such as the
wind, blood flow, or heartbeats. Furthermore, since the hex-
agonal boron mitride atomic layer 120 1s chemically stable,
the nanogenerator 100 may be installed and operated 1n the
human body.

[0076] FIG. 615 aperspective view ol a nanogenerator 200
according to another example, and FIG. 7 1s a perspective
view ol the nanogenerator 200 of FIG. 6 1n a driving state
under various external physical forces.

[0077] Retferring to FIGS. 6 and 7, the nanogenerator 200

may include a substrate 210, a first electrode 220, a hexagonal
boron mitride atomic layer 230, and a second electrode 240.

[0078] The substrate 210 may be a flexible substrate. In an
example, the substrate 210 may be formed of a polymer
capable of stretching, contracting, or bending. Examples of

polymers that may be used in the substrate 210 include PEN,
PES, or PET.

[0079] The first electrode 220 may be disposed on the sub-
strate 210. When a physical force 1s applied to the hexagonal
boron nitride atomic layer 230, the first electrode 220 may
transmit electrical energy, such as current and voltage, gen-
erated by the hexagonal boron nitride atomic layer 230. The
first electrode 220 may be formed of a thin conductive mate-
rial. The conductive material may include a transparent con-
ductive material and/or an opaque conductive matenal.
Examples of transparent conductive materials that may be
used include graphene, ITO, 1Z0, ZnO, or FTO. Examples of
opaque conductive materials that may be used include, for
instance, a metal, such as gold, silver, or platinum.

[0080] The hexagonal boron nitride atomic layer 230 may
be disposed on the first electrode 220. The hexagonal boron
nitride atomic layer 230 may have a single layer structure in
which nitrogen atoms and boron atoms are combined 1n a
hexagonal shape. The hexagonal boron nitride atomic layer
230 may exhibit stable chemical characteristics due to sp2
bonding. When a physical force 1s applied to the hexagonal
boron nitride atomic layer 230 and deforms the atomic
arrangement, polarization may occur due to the positional
changes of the nitrogen atoms and boron atoms 1n the layer
230, and electrical energy may be generated due to the polar-
ization. That 1s, the hexagonal boron nitride atomic layer 230
may exhibit piezoelectric characteristics, so that the hexago-
nal boron nitride atomic layer 230 may be used to convert
physical energy into electrical energy.

[0081] The second electrode 240 may be disposed on the
hexagonal boron nitride atomic layer 230. Like the first elec-
trode 220, when a physical force 1s applied to the hexagonal
boron nitride atomic layer 230, the second electrode 240 may
transmit electrical energy such as current and voltage that
may be generated by the hexagonal boron nitride atomic layer
230. The second eclectrode 240 may be formed of a thin
conductive material. The conductive material may include a
transparent conductive material and/or an opaque conductive
material. Examples of the transparent conductive materials
include graphene, I'TO, 170, ZnO, FTO and the like.
Examples of the opaque conductive materials include a metal,
such as gold, silver, or platinum.
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[0082] As shown in FIG. 7, when an external physical
force, such as stretching or twisting, 1s applied to the nano-
generator 200, the physical force may be also applied to the
hexagonal boron nitride atomic layer 230 1n the nanogenera-
tor 200. Electrical energy may be generated 1n the hexagonal
boron nitride atomic layer 230 due to the piezoelectric char-
acteristics of the hexagonal boron nitride atomic layer 230.
The electrical energy may be transmitted through the first and
second electrodes 220 and 240 and to the outside of the
nanogenerator 200.

[0083] Because the nanogenerator 200 has excellent
mechanical stability, the nanogenerator 200 1s prevented from
being damaged by, for example, benting, twisting, or rolling,
when an external force 1s exerted thereto. Since the nanogen-
crator 200 uses the piezoelectric characteristics of the hex-
agonal boron nitride atomic layer 230, the nanogenerator 200
may be driven continuously and independently. Also, since
the nanogenerator 200 may be subminiature and ultrathin, the
nanogenerator 200 may efficiently generate electrical energy
using small physical energy, such as the wind, blood tlow, or
heartbeats. Furthermore, since the hexagonal boron nitride
atomic layer 230 1s chemically stable, the nanogenerator 200
may be installed and operated 1nside or on the human body.

[0084] FIG. 8 1s a flowchart illustrating an example of a
method of manufacturing the nanogenerator 200 shown in
FIG. 6.

[0085] Referringto FIG. 6, to manufacture the nanogenera-
tor 200, 1mtially, a first electrode 220 may be formed on a

substrate 210, as 1n S210.

[0086] The substrate 210 may be a tlexible substrate. In an
example, the substrate 210 may be formed of a polymer
capable of stretching, contracting, or bending. Examples of
polymer materials that may be used to form the substrate 210

include PEN, PES, PET and the like.

[0087] The first electrode 220 may be formed using a thin
layer forming process. The thin layer forming processes that
may be used include, for example, a sputtering process, a
CVD process, an inkjet printing process and the like. The first
clectrode 220 may be formed of a thin conductive material.
The conductive material may include a transparent conduc-
tive material and/or an opaque conductive material. Examples
of the transparent conductive materials include graphene,
ITO, 170, ZnO, FTO and the like. Examples of the opaque
conductive materials include a metal, such as gold, silver, or
platinum.

[0088] As in S220, a hexagonal boron nitride atomic layer
230 may be formed on the first electrode 220.

[0089] The formation of the hexagonal boron nitride
atomic layer 230 on the first electrode 220 may 1nvolve form-
ing the hexagonal boron nitride atomic layer 230 on a copper
fo1l using a chemical deposition process and then forming the
hexagonal boron nitride atomic layer 230 on the substrate 210
using a wet transier process.

[0090] Since the process of forming the hexagonal boron
nitride atomic layer 230 on the first electrode 220 1s substan-
tially the same as the process of forming the hexagonal boron
nitride atomic layer 120 on the substrate 110 described with
reference to FI1G. 5, a detailed description thereotf 1s omitted.

[0091] The hexagonal boron nitride atomic layer 230 may
exhibit stable chemical characteristics due to sp2 bonding.
When a physical force 1s applied to the hexagonal boron
nitride atomic layer 230 and deforms the hexagonal boron
nitride atomic layer 230, polarization may occur due to posi-
tional changes in nitrogen atoms and boron atoms, and elec-
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trical energy may be generated due to the polarization. That
1s, the hexagonal boron mitride atomic layer 230 may exhibit
piezoelectric characteristics, so that the hexagonal boron
nitride atomic layer 230 may be used to convert physical
energy 1nto electrical energy.

[0092] Next, in S230, a second eclectrode 240 may be
formed on the hexagonal boron nitride atomic layer 230.
[0093] Since the process of forming the second electrode
240 1s substantially the same as the process of forming the
first electrode 220, a detailed description thereof 1s omitted.

[0094] Accordingly, the formation of the nanogenerator
200 including the substrate 210, the first electrode 220, the
hexagonal boron nitride atomic layer 230, and the second
clectrode 240 may be completed.

[0095] Because the nanogenerator 200 formed using the
above-described method has good mechanical stability, the
nanogenerator 200 1s prevented from being damaged, for
example, by being bent, twisted, or rolled, when an external
force 1s applied thereto. Since the nanogenerator 200 uses the
piezoelectric characteristics of the hexagonal boron nitride
atomic layer 230, the nanogenerator 200 may be driven con-
tinuously and mdependently. Also, since the nanogenerator
200 may be made subminiature and ultrathin in scale, the
nanogenerator 200 may efficiently generate electrical energy
using small physical energy, such as the wind, blood flow, or
heartbeats. Furthermore, since the hexagonal boron nitride
atomic layer 230 1s chemically stable, the nanogenerator 200
may be 1nstalled and operated 1n or on the human body.

[0096] As described above, various examples of nanogen-
erators were described. In an example, the nanogenerator
includes a substrate, a hexagonal boron nitride atomic layer
disposed on the substrate, a first electrode disposed on the
hexagonal boron nitride atomic layer, and a second electrode
disposed on the hexagonal boron nitride atomic layer and
spaced apart from the first electrode. The substrate may be a
flexible substrate.

[0097] Inanother example, a nanogenerator may be manu-
factured by: forming a hexagonal boron nitride atomic layer
on a substrate, and forming a first electrode and a second
clectrode on the hexagonal boron nitride atomic layer to be
spaced apart from each other. The forming of the hexagonal
boron nitride atomic layer on the substrate may involve: form-
ing a hexagonal boron nitride atomic layer on copper foil;
forming a polymethyl methacrylate (PMMA) layer on the
copper 101l on which the hexagonal boron nitride atomic layer
1s formed, the PMMA layer configured to support the hex-
agonal boron nitride atomic layer; removing the copper foil;
transierring the hexagonal boron nitride atomic layer and the
PMMA layer to the substrate; and removing the PMMA layer.
The hexagonal boron nitride atomic layer may be formed on
the copper fo1l by a chemical vapor deposition (CVD) process
using the copper foil as a metal catalyst and ammonia-borane
(NH,—BH,) as asource. The hexagonal boron nitride atomic
layer may be formed on the copper foil in an atmosphere
containing an argon-hydrogen (Ar—H,) gas mixture, using
nitrogen gas as a carrier gas for transferring vaporized ammo-
nia-borane.

[0098] Inanother example, a nanogenerator may include: a
substrate; a first electrode disposed on the substrate; a hex-
agonal boron nitride atomic layer disposed on the first elec-
trode; and a second electrode disposed on the hexagonal
boron nitride atomic layer. In yet another example, a nano-
generator may be manufactured by: forming a first electrode
on a substrate; forming a hexagonal boron nitride atomic
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layer on the first electrode; and forming a second electrode on
the hexagonal boron nitride atomic layer. The hexagonal
boron nitride atomic layer may be formed on the first elec-
trode by: forming a hexagonal boron mitride atomic layer on
copper foil; forming a PMMA layer on the copper foil on
which the hexagonal boron nitride atomic layer 1s formed, the
PMMA layer configured to support the hexagonal boron
nitride atomic layer; removing the copper foil; transierring
the hexagonal boron nitride atomic layer and the PMMA
layer to the first electrode; and removing the PMMA layer.
[0099] An example of the nanogenerator exhibits good
mechanical chemical stability and may be driven continu-
ously and independently, utilizing the piezoelectric charac-
teristics of a hexagonal boron nitride atomic layer. Also, since
the nanogenerator can be made ultrathin and 1n a subminia-
ture si1ze, the nanogenerator can efficiently generate electrical
energy using small physical energy. Furthermore, since the
hexagonal boron nitride atomic layer 1s chemically stable, the
nanogenerator can be installed or operated 1n or on the human
body. Therefore, the nanogenerator can be employed as a
small-sized energy source 1n various fields, such as mechani-
cal, electronic, and/or medical fields.

[0100] In a nanogenerator and a method of manufacturing
the same according to the above description, because a nano-
generator with high mechanical stability may be manufac-
tured, the nanogenerator may not be prevented from being,
damaged by, for example, being bent, twisted, or rolled, when
an external force 1s applied thereto. Further, because the
nanogenerator uses the piezoelectric characteristics of a hex-
agonal boron nitride atomic layer, the nanogenerator can be
driven continuously and independently. Further, the
examples of nanogenerators described above may be pro-
duced ultrathin 1n a submimature scale. Thus, the nanogen-
erator can efficiently generate electrical energy by utilizing
small physical energy, such as the physical energy present 1n
the wind, blood flow, or even heartbeats. Furthermore, since
the hexagonal boron nitride atomic layer 1s chemically stable,
the nanogenerator can be installed or operated on or within
the human body.

[0101] A number of examples have been described above.
Nevertheless, 1t will be understood that various modifications
may be made. For example, suitable results may be achieved
if the described techniques are performed 1n a different order
and/or 1 components 1n a described system, architecture,
device, or circuit are combined 1n a different manner and/or
replaced or supplemented by other components or their
equivalents. Accordingly, other implementations are within
the scope of the following claims.

What 1s claimed 1s:
1. A nanogenerator comprising:
a boron nitride atomic layer;

a first electrode disposed on the boron mitride atomic layer;
and

a second electrode disposed on the boron nitride atomic
layer, the second electrode spaced apart from the first

clectrode.

2. The nanogenerator of claim 1, wherein the boron nitride
atomic layer 1s a hexagonal boron nitride atomic layer.

3. The nanogenerator of claim 1, further comprising a

tflexible substrate, the boron nitride atomic layer disposed on
the flexible substrate.
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4. A method of manufacturing a nanogenerator, compris-
ng:

forming a boron nitride atomic layer on a substrate; and

forming a first electrode and a second electrode on the

boron nitride atomic layer to be spaced apart from each
other.

5. The method of claim 4, wherein the boron nitride atomic
layer 1s a hexagonal boron mitride atomic layer.

6. The method of claim 4, wherein the forming of the boron
nitride atomic layer on the substrate comprises:

forming a boron nitride atomic layer on a copper foil;

forming a polymethyl methacrylate (PMMA) layer on the

copper 101l on which the boron mitride atomic layer 1s
formed;

removing the copper foil;

transierring the boron nitride atomic layer and the PMMA

layer to the substrate; and

removing the PMMA layer.

7. The method of claim 6, wherein the forming of the boron
nitride atomic layer on the copper foil 1s performed by a
chemical vapor deposition (CVD) process using the copper
fo1l as a metal catalyst and ammonia-borane (NH,—BH,) as
a source.

8. The method of claim 7, wherein the forming of the boron
nitride atomic layver on the copper foil 1s performed 1n an
atmosphere containing an argon-hydrogen (Ar—H,) gas
mixture and performed using nitrogen gas as a carrier gas for
transierring vaporized ammonia-borane.

9. A nanogenerator comprising:

a first electrode;

a boron nitride atomic layer disposed on the first electrode;

and

a second electrode disposed on the boron nitride atomic

layer.

10. The nanogenerator of claim 9, wherein the boron
nitride atomic layer 1s a hexagonal boron nitride atomic layer.

11. The nanogenerator of claim 9, further comprising a
substrate, the substrate being disposed on one side of the first
clectrode and the boron nitride atomic layer being disposed
on another side of the first electrode.

12. A method of manufacturing a nanogenerator, compris-
ng:

forming a boron nitride atomic layer on a first electrode;

and

forming a second electrode on the boron nitride atomic

layer.

13. The method of claim 12, wherein the boron nitride
atomic layer 1s a hexagonal boron nitride atomic layer.

14. The method of claim 12, further comprising forming
the first electrode on a substrate before forming the boron
nitride atomic layer on the first electrode.

15. The method of claim 12, wherein the forming of the
boron nitride atomic layer on the first electrode comprises:

forming a hexagonal boron nitride atomic layer on a copper

foul;

forming a PMMA layer on the copper foil on which the

boron nitride atomic layer 1s formed;

removing the copper foil;

transierring the boron nitride atomic layer and the PMMA

layer to the first electrode; and

removing the PMMA layer.
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